Secondary chicken embryo fibroblasts infected with the Sheila Smith strain of Rickettsia rickettsii and grown in monolayer culture undergo rapid morphological alterations. Transmission electron microscopic examination of cells at intervals after infection showed several progressive host cell lesions, including widespread dilatation of the rough endoplasmic reticulum and outer nuclear envelope and the accumulation of electron-dense material within the cisternae of intracellular membranes. Dilatation of the rough endoplasmic reticulum is a common, early, reversible manifestation of other forms of cell injury. However, the severity of the damage to the host cell resulting from the progressive distention of intracellular membranes and the subsequent formation of small segments of membrane-bound host cytoplasm within the cisternae of these membranes is unknown. Early in the infection cycle, the rickettsiae were found free in the host cell cytoplasm, within invaginations of the nuclear envelope, occasionally free in the space between the outer and inner nuclear membranes, and in the host nucleoplasm, but not within cisternae formed by swollen endoplasmic reticulum. As a consequence of intracisternal swelling and fusion of intracellular membranes later in the infection cycle, the majority of the rickettsiae were found surrounded by host cytoplasm bound by host-derived internal membranes and appeared to persist in this state until cell lysis. The overall cytopathological changes in cells infected with R. rickettsii appear dramatic and, from other studies in our laboratory, are significantly different from those observed in cells infected with Rickettsia prowazekii.
Previous light microscopic studies of tissue culture cells infected with Rickettsia rickettsii (12) , the etiological agent of Rocky Mountain spotted fever, have shown rather severe degenerative changes compared with cells infected with other rickettsiae. Burgdorfer et al. (5) have reported the early destruction of host cells and the rapid spread of R. rickettsii in tissue culture monolayers. Wisseman et al. (17) have carried out a very comprehensive light microscopic study on the infection cycle of R. rickettsii in chicken embryo fibroblasts and L-929 cells in culture. Their observations included the following: (i) failure of large numbers of rickettsiae to accumulate in the host cytoplasm; (ii) substantial accumulation of extracellular rickettsiae; and (iii) rapidly spreading infection in the culture. In addition, they observed that occasional host cells contained rickettsiae in compact masses within the nuclei, suggesting that R. rickettsii might be capable of penetrating the nucleus from the cytoplasm, but not as readily the cytoplasm from the nucleus. Finally, in older infected cultures (4 to 5 days) light microscopic examination revealed unique cytoplasmic rings consisting of large vacuole-like structures surrounded by many organisms.
To our knowledge, no studies have been reported on changes in the fine structure of tissue culture cells infected with R. rickettsii. Anderson et al. (1) showed that the organism grew free in the cytoplasm and nucleus of BS-C-1 monkey kidney cells, but described no host cell damage as a correlate of infection.
Experiments in our laboratory have shown that infection of chicken embryo fibroblasts with R. rickettsii leads to dramatic morphological changes within cells as early as 3 days after infection. The study reported here attempts to examine some of these changes by transmission electron microscopy and to propose some mechanisms by which they may occur.
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Cell culture. Primary chicken embryo fibroblasts were prepared from specific-pathogen-free embryonated hen eggs (SPAFAS Inc., Norwich, Conn.) and grown in monolayer culture in 75-cm2 plastic tissue culture flasks (Falcon Plastics; Oxnard, Calif.) at 320C in an atmosphere of 5% CO2 in air, using a half-strength Dulbecco modification of Eagle basal medium with Earle salts, containing 0.1% glucose and 10% fetal calf serum. The primary chicken cells were trypsinized from the plastic with 0.05% trypsin-0.2% ethylenediaminetetraacetic acid and infected in suspension (17; C. L. Wisseman, Jr., and A. D. Waddell, manuscript in preparation) as follows: 1 ml of the rickettsial seed preparation was added to 1 ml of chicken embryo fibroblast cells (-4 x 107/ml) in Dulbecco medium, incubated at 320C for 1 h with mild intermittent agitation, replated onto 75-cm2 flasks, and grown as described above. Infected cells were also distributed to eight-chambered culture slides (Lab-Tek Products, Div. Miles Laboratories Inc., Westmont, Ill.) as previously described (18) to monitor the infection by light microscopy.
The inoculum was adjusted so that 20 to 30% of the cells were infected with one to two rickettsiae per infected cell to duplicate the conditions under which the previous light microscopic study (17) had been performed, in which the rapidly spreading nature of the infection had been demonstrated. Indeed, after 48 h, most of the cells examined by light microscopy of stained cytofuge preparations (19) were found to be infected. Thus, the stages of the infection cycle studied here by electron microscopy corresponded closely to those which were described in the previous light microscopic study (17 An attempt was made to examine chicken embryo cells for ultrastructural changes 24 h after they were infected with R. rickettsii. However, because of the relatively few numbers of rickettsiae present this early in the infection cycle, sampling for electron microscopy proved unproductive.
The first indication that the host cells had responded to the presence of intracellular rickettsiae was detected 48 h postinfection. Early lesions detected within the infected cells are shown in Fig. 2 and 3 . The rough ER, which normally appeared as narrow, membranous channels studded with ribosomes, was highly dilated and consistently contained fine, electrondense granular material within the cisternae. Small segments of host cell cytoplasm bound by portions of host internal membranes were also found within the cisternae of the ER. The rickettsiae, which usually appeared as dense bacillary forms (Fig. 2) , were found free in the cytoplasm. In addition to the dilated ER, the outer nuclear envelope was frequently distended (Fig.  3) , and the space between the inner and outer envelopes contained large amounts of fine, electron-dense granular material. Rickettsiae occasionally were found within the space created between the inner and outer membranes, suggesting that rickettsiae may have the capacity, on occasion, to penetrate through the outer nuclear envelope. Rickettsiae within invaginations of the outer nuclear envelope were also present. By 72 h postinfection, when the number of rickettsiae had significantly increased, as shown by light microscopy, the organisms were found either free in the cytoplasm or bound by a host cell membrane which contained portions of the chicken cell cytoplasm. Membrane-bound segments of host cytoplasm and membrane-bound rickettsiae were both found within the swollen cisternae of the rough ER (Fig. 4) . The membranes immediately surrounding the rickettsiae and the small cytoplasmic segments appeared to have primarily smooth surfaces although, on occasion, the inner surface of the membrane seemed to be studded with ribosome-like particles (Fig. 4) . The latter suggests that the membrane-bound rickettsiae were, in fact, within cytoplasmic invaginations of the swollen cisternae. Some mitochondria within infected cells appeared swollen, and the intercristal matrix had lost its characteristic electron-dense appearance, but the distinction from uninfected control cells was not always clear. In addition, at this stage of infection the Golgi region was no longer well defined. Electron-dense deposits within the cisternae of smooth membrane vesicles were seen in about 15% of the infected cells, but never in the control cells (Fig. 5) . Occasional lysosomelike vesicles and numerous microfilaments could be found free within the cytoplasmic matrix. Throughout the course of this study, rickettsiae could also be observed free within the nucleoplasm of the host cell or within invaginations of INFECT. IMMUN. on October 27, 2017 by guest http://iai.asm.org/ Downloaded from the nuclear envelope (Fig. 6) . The presence of rickettsiae free in the nucleoplasm suggests that they are capable of penetrating both the outer and inner nuclear membranes of the host cell.
By 96 h postinfection, the degree of ER dilatation had increased substantially, with a progressive increase in the number of small membrane-bound segments of host cytoplasm. Some of the membrane-bound segments were closely associated with the nucleus, and occasionally some showed apparent points of attachment to the nuclear membrane (Fig. 7) . Most of the rickettsiae observed in thin sections at this time were enclosed with host cell membrane. Figure  8 shows intracellular rickettsiae localized in three different domains within the host cell: free within the cytosol, bound by the ER membrane, and free within the nucleus. At this stage of the infection, the mitochondria of some infected cells were distinctly swollen, whereas other cells which appeared equally damaged displayed only subtle changes in mitochondrial architecture similar to those seen in control cells.
A frequent observation made in this study during monitoring of the infection by light microscopy and also made by Wisseman et al. (17) at 4 to 5 days postinfection with R. rickettsii was the formation of "doughnut colonies" within the host cytoplasm. This conformation usually consisted of large, circular, vacuolar-like structures surrounded by large numbers of rickettsiae. Figure Figure 10 shows a cell with little remaining cytoplasm and a highly dilated ER which appears to have lost a substantial portion of its contents. An interesting observation regarding both the membrane-bound rickettsiae and the cytoplasmic segments was that, after the integrity of the host cell plasma membrane was destroyed, the ribosomes associated with these structures disappeared (Fig. 11) . DISCUSSION Chicken embryo fibroblasts in cell culture infected with R. rickettsii undergo rapid progressive damage and eventual lysis within 5 days after exposure to the organism. The morphologically detectable lesions characteristically produced in infected cells are numerous: (i) dilatation of the rough ER and outer nuclear envelope; (ii) accumulation of a fine, granular, electrondense material in the cisternae of the rough ER; (iii) accumulation of a globular-like, electrondense material in the cisternae of smooth membranes; (iv) progressive increase in the number of membrane-bound segments of host cytosol; (v) disappearance of organized Golgi regions; and (vi) loss of integrity of the plasma membrane followed by fragmentation of the cytoplasm, nuclear and nucleolar destruction, and cell lysis. malfunction of the membrane-situated adenosine 5'-triphosphate (ATP)-dependent sodium pump (11) . Whether the changes produced in R. rickettsii-infected cells are the result of a direct toxic action of the rickettsiae or a rickettsial product on the ER or the indirect result of some other process, such as increased destruction or decreased production of ATP (see discussion below on mitochondria), must be determined by other types of experiments. However, the unusual progressive close association of the rickettsiae with the ER membranes may be a significant clue. The accumulation of electron-dense material within the cisternae of both smooth and rough membranes may also reflect a malfunction of the ATP-dependent sodium pump. Jamieson and Palade (7) have shown that ATP synthesis is required for the intracellular transport of secretory proteins from the rough ER to the Golgi vesicles and that blockage of transport by inhibition of oxidative phosphorylation results in the accumulation of secretary proteins within the rough ER.
Although our ultrastructural observations cannot prove the occurrence of a putative shutdown or reduction of host cell ATP synthesis as being responsible for the apparent inhibition of transport of materials from intracellular membranes in R. rickettsii-infected cells, it is legitimate to speculate that the availability of reduced amounts of ATP to the host cell, possibly as a result of damaged mitochondria, might lead to reduced functioning of intracellular transport mechanisms.
Observations of the mitochondria in infected cells presented something of a paradox, which was difficult to interpret conclusively on the basis of ultrastructural studies alone. Thus, although ultrastructural evidence for damage to be answered from this study and require different experimental approaches. In addition, the origin of the mitochondrial damage, i.e., a direct effect of the rickettsiae or a rickettsial product or an indirect effect, is not known. However, the lack of any regular physical association between rickettsiae and mitochondria and the lack of any substantial acceleration in the degree of mitochondrial damage accompanying the marked increase in the number of intracellular rickettsiae in the later stages of infection do not suggest an unusual degree of direct damage by the rickettsiae or their products.
As the infection of chicken embryo cells progressed, there was a substantial increase in the number of small membrane-bound segments of host cytoplasm. Late in the infection cycle (about day 4), a significantly large percentage of the total host cell cytoplasm, when viewed in thin section, consisted of these segments. Whether this phenomenon represented true fragmentation of the host cytosol or was simply a distortion or invagination of the ER is not known. It is conceivable that the formation of these "islets" of host cytosol and of membranebound rickettsiae occurred when adjacent membranes of swollen ER fused and trapped small segments of surrounding cytoplasm.
The progressive dilatation of the rough ER was accompanied by the disappearance of distinct cytoplasmic organelles such as the Golgi apparatus and, finally, by a loss of integrity of the plasma membrane resulting in fragmentation of the cytoplasm, nuclear and nucleolar disintegration, and cell lysis.
The observations of the relationship between R. rickettsii and host cell membranes, originally examined in the light microscopic study of the R. rickettsii growth cycle (17) , were also ex-INFECT. IMMUN.
on October 27, 2017 by guest http://iai.asm.org/ Downloaded from tended in this study. Thus, within the cytoplasm, the organisms retained their basic free relationship with the cytosol and were not enclosed in membrane-bound vacuoles. However, in later stages of the infection, the rickettsiae did occur (in ultrathin sections) in cytoplasmic-containing, membrane-bound structures which were interpreted to be sections of cytoplasmic projections or invaginations into the cisternae of the ER. Whether these invaginations ever lost their connection with the cytoplasm cannot be determined from this study. Rickettsiae were not found free in such ER cisternae, suggesting that they did not possess any significant capacity to penetrate through the ER membrane. On the other hand, rickettsiae were occasionally observed in the space between the inner and outer nuclear envelopes, the latter of which is continuous with the rough ER (Fig. 3) , and free in the nucleoplasm ( Fig. 6 and 8) . No explanation can be offered as to why the organisms were found inside the outer nuclear envelope but were never seen free within the cisternae of the rough ER. Rickettsia-containing cytoplasmic invaginations into the outer nuclear envelope as well as into the nucleus also occurred, yielding in thin section a membrane-bound structure containing both rickettsiae and cytoplasmic elements. The occurrence of both free and apparent membrane-bound intranuclear spotted fever group by host cell membranes and that no free rickettsiae can be found within the swollen ER. Bar = 1 jim. rickettsiae has also been observed by others (4, 15) .
Previous studies in our laboratory (13) have shown that R. rickettsii is capable of escaping from infected chicken embryo fibroblasts free of host cell membrane for at least 72 h postinfection. Our present study suggests that at this time intracellular rickettsiae begin to acquire internal membranes from the host cell as a result of increased intracisternal swelling. The number of membrane-bound organisms progressively increased until, at cell lysis, most rickettsiae were surrounded by a membrane coat. The role of these membrane-bound organisms in the spread of infection from cell to cell is not known, but by the time that they appeared in significant numbers the major spread of infection through the culture had already occurred.
The design of this study and the centrifugation methods used for the preparation of the specimens for examination were not suitable for determining the relationship of rickettsiae to host cell membranes during the major spread of infection in the cultures. However, a previous study from these laboratories (13) , in which extracellular organisms in the culture fluid were collected and examined at 72 h after infection, revealed that, although most organisms were not bound by host cell membranes, some were at least partially surrounded by membranes presumed to be of host cell origin. This matter is the subject of further studies. Silverman, C. L. Wisseman, Jr., and A. D. Waddell, manuscript in preparation), R. rickettsii did not undergo any detectable morphological changes during the infection cycle, despite the dramatic changes exhibited by the host cell. If it can be assumed that R. rickettsii would undergo morphological changes similar to those of other bacteria in aging cultures (2, 6, 8, 10, 14) and of R. prowazekii in old cell cultures (18; Silverman et al., in preparation), these findings might suggest that R. rickettsii was not exhibiting morphological evidence of severe nutritional deficiency at a time when the host cells were showing severe morphological damage and implied functional deficiencies.
In conclusion, the cytopathology caused by infection of chicken embryo fibroblasts with R. rickettsii is rather remarkable when compared with similar cells infected with the typhus group of rickettsiae (Silverman et al., in preparation). Furthermore, with R. rickettsii, the presence of relatively few numbers of organisms is required to produce dramatic degenerative changes within cells, whereas in thin sections of R. prowazekii-infected chicken cells showing as many as 200 to 300 rickettsiae, few cytopathic changes were detectable (Silverman et al., in preparation).
Further studies are planned to aid in establishing the mechanisms by which R. rickettsii is capable of causing such dramatic morphological changes in its host cell and also to determine whether the cytopathology observed in chicken embryo fibroblasts can be extended to other cell types.
